A B S T R A C T This study was performed to elucidate the localization at the cellular level of technetium-99m phosphorus (991'Tc-P) radiopharmaceuticals in acute myocardial infarcts and the mechanisms responsible for 99mTc-P uptake in acute myocardial infarcts and other tissues. In 20 dogs with proximal left anterior descending coronary arterial ligation for 1-3 days, elevated calcium levels were measured at all sites of increased 99mTc-P uptake (acute myocardial infarcts, necrotic thoracotomy muscle, lactating breast, and normal bone); however, a consistent linear relationship between 99mTc-P and calcium levels was not observed. A strong correlation (r = 0.95 and 0.99, n = 2 dogs) was demonstrated between levels of 3H-diphosphonate and 99mTc-P in infarcted myocardium. Auito studies revealed major localization of both 99mTc-P and calcium in the soluble supernate and membranedebris fractions of infarcted myocardium and less than 2% of total 99mTc-P and calcium in the mitochondrial fractions; however, electron microscopic examination showed that mitochondria with calcific deposits were not preserved in the mitochondrial fractions. In vitro studies evaluating the role of serum protein binding on tissue uptake of 99mTc-P agents demonstrated that, in spite of significant complexing with serum proteins, serum 99mTc-P activity retained the ability to adsorb to calcium hydroxyapatite and amorphous calciumni phosphate. In vivo stuidies showed that concentration of human seirum albtumin (labeled with iodine-131) in infarcted myocardiutim reached a maximuiim of only 3.8 times normal after a circulation time of 96 h, whereas 99mTc-P uiptake was at least 10 times normal after a circulation time as short as 1 h. It is concluded that: (a) 99mTc-P uptake in acutely infarcted myocardium, and possibly other types of soft tissue damage, is limited to necrotic and severely injured cells; (b) concentration of 99mTc-P results from selective adsorption of 99mTc-P with various forms of tissue calcium stores, including amorphous calcium phosphate, crystalline hydroxyapatite, and calcium complexed with myofibrils and other macromolecules, possibly supplemented by calcium-independent complexing with organic macromolecules; and (c) lack of a linear relationship between 99mTc-P and tissuie calcitum levels mainly results from local differences in composition and physicochemical properties of tissuie calcium stores and from local variations in levels of blood flow f'or delivery of 99mTc-P agents.
studies revealed major localization of both 99mTc-P and calcium in the soluble supernate and membranedebris fractions of infarcted myocardium and less than 2% of total 99mTc-P and calcium in the mitochondrial fractions; however, electron microscopic examination showed that mitochondria with calcific deposits were not preserved in the mitochondrial fractions. In vitro studies evaluating the role of serum protein binding on tissue uptake of 99mTc-P agents demonstrated that, in spite of significant complexing with serum proteins, serum 99mTc-P activity retained the ability to adsorb to calcium hydroxyapatite and amorphous calciumni phosphate. In vivo stuidies showed that concentration of human seirum albtumin (labeled with iodine-131) in infarcted myocardiutim reached a maximuiim of only 3.8 times normal after a circulation time of 96 h, whereas 99mTc-P uiptake was at least 10 times normal after a circulation time as short as 1 h. It is concluded that: (a) 99mTc-P uptake in acutely infarcted myocardium, and possibly other types of soft tissue damage, is limited to necrotic and severely injured cells; (b) concentration of 99mTc-P results from selective adsorption of 99mTc-P with various forms of tissue calcium stores, including amorphous calcium phosphate, crystalline hydroxyapatite, and calcium complexed with myofibrils and other macromolecules, possibly supplemented by calcium-independent complexing with organic macromolecules; and (c) lack of a linear relationship between 99mTc-P and tissuie calcitum levels mainly results from local differences in composition and physicochemical properties of tissuie calcium stores and from local varia- tions in levels of blood flow f'or delivery of 99mTc-P agents.
The Journlal of Clinical In1vestigationi V7ollumite 60 September 1977 724-740 INTRODUCTION Myocardial scintigraphy with technetium-99m-labeled, phosphortus-based radiopharmaceuticals (99nTc-P)l has been shown to be an accurate noninvasive test for the diagnosis of acute myocardial infarction (1) . Bonte and associates first showed that the 99mTc-P bone scanning agents concentrate in areas of acute myocardial infarction, and suggested that this phenomenon was related to labeling of calcium deposits in the infarcts (2) . Our previous experimental studies have demonstrated that a positive 99mTc-P myocardial scintigram results from selective concentration of the agent in areas with partial to homogeneous myocardial necrosis, mtultifocal mtusele cell calcification, and residual blood flow (3) (4) (5) (6) . These findings were interpreted as supporting the proposed role of tissue calcification in concentration of the agent, but as not excluiding the possibility of other mechanisms (3) (4) (5) (6) . Other reports (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) have confirmed the dependence of 99mTc-P concentration on the presence of myocardial necrosis, and the importance of blood flow for modulating the level of 99mTc-P uiptake. Previous studies from our own and other laboratories, however, have not resolved certain important questions regarding 99mTc-P uptake after myocardial injury. The previous studies have not precisely defined whether 99mTc-P uptake is limited to severely damaged or frankly necrotic cells or whether 99mTc-P uptake also can occur in cells with mild, clearly reversible injury. In addition, mechanisms of tisstue concentration of 99mTc-P agents have not been definitively characterized. Although Reimer and associates (13) have confirmed an association between calcitum accumulation and 99mTc-P uptake in ischemic myocardium, other workers have suggested a less important role for complexing with calcium deposits than originally proposed (15) (16) (17) (18) (19) . In partictular, Dexvanjee and Kahn have suiggested that the affinity of 99mTc-P agents for binding with serum and other proteins plays a primary role in concentration of these agents -in infarcted myocardium (15, 16) . The present stuLdy was undertaken to clarify these important points regarding celltular localization and mechanisms of concentration of 99mTc-P agents.
METHODS
General protocol. A total of 20 mongrel dogs were anesthetized with intravenous pentobarbital sodium (30 mg/ kg) and subjected to thoracotomy. The proximal left anterior 1 Abbreviations utsed in this paper: 1311-HSA, human serum albumin labeled with iodine-131; LAD, left anterior descending coronary artery; 99ffTc-P, technetium-99m-labeled, phosphorus-based radiopharmaceuticals; 99mTc-EHDP, 99mTc-stannous ethane-l-hydroxy-1,1, diphosphonate; 99mTcO4; free pertechnetate ion; 99mTc-PYP, 99mTc-stannous pyrophosphate; 3H-EHDP, tritiated EHDP. descending coronary artery (LAD) was dissected free 1 to 2 cm from its origin and suture ligated. The chest was closed and the dog allowed to recover for 1 to 3 days. Thereafter, 15 with a high resolution collimator. After scintigraphy, the previously anesthetized dogs were sacrificed by administration of lethal doses of pentobarbital sodium or, for cell fractionation studies, by excision of the beating heart. Tissue samples were obtained at necropsy for one or more of the analyses described below.
Morphological and autoradiographic stuidies. For routine light microscopy, tissue blocks were fixed in phosphatebuffered 10% formalin and embedded in paraffin. Sections were stained with hematoxylin and eosin, by the periodic acid-Schiff method with and without prior diastase digestion and with the von Kossa method for calcium salts (3).
For correlative light and electron microscopic studies, samples were processed using the following methods: (a) immersion fixation in 3% glutaraldehyde in 0. Calif.) . The pellet (cell membranes and debris) was suspended in 10 ml of medium. The supernate was centrifuged at 7,800 g for 15 min at 4°C. The pellet (mitochondria) was washed twice in medium and finally suspended in 2 ml of this solution. The supernate was centrifuged in a Beckman L2 ultracentrifuge (Beckman Instruments, Inc.) of rotor type at 80,000 g for 60 min at 4°C. The pellet (microsomes) was washed twice with medium and finally suspended in 2 ml of this solution. The soluble supernatant fraction after the 80,000-g centrifugation also was saved.
Levels of 99mTc-P and calcium in each fraction were determined by methods described above. Protein content of each fraction was determined by the method of Lowry et al. (23) . Aliquots of the particulate fractions were repelleted, fixed in aldehyde and osmium or directly in 1% phosphate-buffered osmium and, processed for electron microscopy.
In vitro studies of calcium binding. Hearts with proximal LAD occlusion had transmural anterior infarcts with histopathologically distinct central and peripheral regions as previously described (3, 4) .
Autoradiographic localization of 99mTc-P or 3H-EHDP in the myocardial infarcts was not successful using standard methods of tissue preparation (20) , (Table I, Fig. 2 ). It was found that significant loss of tissue radioactivity and calcium occurred with aldehyde and osmium fixatives, whereas minimal loss (less than 5%) occurred with alcohol fixatives (Carnoy's solution and absolute alc6hol). Furthermore, use of 3H-E H DP overcame difficulties encountered with 99mTc, a short half-life gamma emitter with some secondary beta and Auger production. Analysis of tissue samples from two dogs demonstrated a close correlation (r = 0.95 and 0.99) between "9nTc-P and 3H-EHDP levels, indicating that 3H-EHDP autoradiography accurately reflected the localization of the complete 99mTc-P radiopharmaceuticals (Table II) .
Autoradiographic findings in absolute alcohol fixed, epoxy embedded sections from two dogs with 44 to 48-h-old myocardial infarcts revealed selective localization of increased 3H-EHDP activity in the peripheral regions of acute myocardial infarcts (Table I, Fig. 2 ). Prominent and extensive labeling occurred over necrotic muscle cells of the infarct periphery, which exhibited widespread hypercontraction of myofibrils, focal deposition of fibrin-like material, and selective accumulation of relatively insoluble calcium deposits primarily but not exclusively in mitochondria (26) (27) (28) (29) (30) (31) (Figs. 3 and 4) . Some labeling of interstitial cells was present, but little activity was noted over neutrophils. Interstitial regions adjacent to some arterioles also exhibited prominent labeling.
Some of the sections for autoradiography contained a mixture ofnecrotic myocardium and border zone myoConcentration of Technetium-99m Phosphorus Agents cardium in which muscle cells did not show histologic evidence of necrosis but exhibited prominent accumulation of lipid droplets indicative of significant damage and metabolic impairment (32) . Electron microscopic examination confirmed the occurrence of abnormal accumulation of lipid droplets in these border zone muscle cells (Fig. 5) . Some of these muscle cells were otherwise ultrastructurally intact, but others showed additional alterations, including focal lysis of myofibrils, vacuolar dilatation of sarcoplasmic reticulum and T tubules, mitoclhondria with a condensed configuiration, and swollen mitochondria with early calcium deposition in the form of small, annular, granular, amorphous, or microcrystalline calcium phosphate deposits (26) (27) (28) (29) (30) (Fig. 5 ). In the autoradiographs the damaged border zone muscle cells as well as necrotic mutscle cells showed significant labeling (Table I , Fig. 2 ). In otlher sections obtained within 1 cm of the gross edges of the infarcts, border zone muscle cells slhowed generally low levels of radioactivity, but intense labeling of a few necrotic muscle cells was observed in these regions (Fig. 2) . Tissue levels of 99mTc-P agents and calcium. Analysis of tissue levels of 99mTe-P and calcium was performed in eight dogs sacrificed 1-2 h after administration of the radionuclides (Figs. 6 and 7, Table II) . Values for 99mTc-P (% dose/g wet weight x 103) and calcium (ppm/g wet weight), respectively, were 3.3 ± 1.3 (standard error of mean) and 17.4± 1.7 in normal myocardium and 0.60±0.08 and 14.8±4.8 in normal skeletal muscle of the eight dogs. Elevated levels of calcium were measured in all sites visualized scintigraphically, namely, bone, lactating breast, necrotic thoracotomy muscle, and infarcted myocardium; however, levels of 99mTc-P uptake in the various tissues did not correlate in a linear manner with calcium concentration (Fig. 6) . A more detailed analysis was undertaken of the distribution of 99mTc-P and calcium in infarcted myocardium. Study of corresponding histologic sections allowed assignment of samples for tissue assay to the various histopathologically defined infarct zones (3, 4) . Total number of infarct samples assayed for each dog ranged from 15 to 35. To overcome dog to dog variability in absolute 99mTc-P and calcium levels, abnormal-to-normal ratios were caleulated for each dog (Fig. 7) . The data demonstrated that maximal concentration of 99mTc-P (average mean 17 times normal) and calcium (16.7 times normal) occurred in the peripheral zones of infarcts with extensive to homogeneous necrosis and variable degrees of muscle cell calcification. Border zones of the infarcts with focal necrosis also had high 99mTc-P levels (11 times normal) and modestly elevated calcium levels (3 times normal). Central zones of the infarcts had moderately elevated levels of 99mTc-P (6.5 times normal) and calcium (6.2 times normal). Analysis of the absolute (Fig. 6) or normalized (Fig. 7) values showed that the levels of 99mTc-P uptake did not correlate in a linear manner with the levels of calcium in the infarcts. In addition to inter-dog comparisons, a statistical analysis was made of the relationship between absolute values of 99mTc-P and calcium in the multiple samples from each infarct, and the results revealed a significant relationship between 99mTc activity and calcium levels in five of the eight dogs (Table II) .
Cell fractionation stuidies. Th-e distribution of 99mTc-P and calciuim in the four fractions from normal and infareted myocarditum of two dogs with 24-h-old infarcts is presented in Table III . Major localization 
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-~~~~~~~~~~~~~~, ---.1----FIGURE 5 Electron micrograph of damaged border zone muscle cell. The muscle cell exhibits intact myofibrils, some glycogen granules, vacuolated sarcoplasmic reticulum (V), numerous lipid droplets (L), and swollen mitochondria which are devoid of amorphous matrix densities but contain small, electron dense deposits of early calcification (arrows). Phosphate-buffered osmium fixation, x16,100. (Inset) High magnification view of electron dense, annular, granular deposit characteristic of amorphous (or microcrystalline) calcium phosphate. x99,000.
of 99mTc-P and calcium occurred in the membranedebris and soluble supernatant fractions, with the soluble supernate showing higher 99mTc-P and calcium levels when samples were fractionated in the presence of 1 mM EDTA. The distribution of recovered protein remained relatively constant in fractions obtained with or without 1 mM EDTA. The mitochondrial and microsomal fractions each contained low percentages of total recovered 99mTc-P and calcium, whether fractionation was performed with or without 1 mM EDTA. On electron microscopic examination, fractions from normal myocardium showed well preserved mitochondria; however, fractions from infarcted myocardium contained only fragments of disrupted mitochondria and swollen mitochondria with multiple amorphous matrix densities (Fig. 8) . Mitochondrial fractions from infarcted myocardium, isolated either with or withouit EDTA, did not exhibit mitochondria with calcific deposits as were observed in tissue sections of infarcted myocardium.
Comparison of 99mTc-P and protein uptake in anterior myocardial infarcts. Table IV summarizes comparative evaluations of the uptake rate and level of concentration of 99mTc-P and 1311-HSA in seven dogs with anterior myocardial infarcts. Concentration of 1311-HSA in infarcted myocardium was modest and only reached a level of 3.8 times normal myocardium after a prolonged circtulation time of 96 h which allowed for significant blood pool clearance; concentration in bone also was minimal. In contrast, 99mTc-PYP was highly concentrated in infarcted myocardiuim and bone after circulation for 6 h.
In vitro studies of calcium binding. (Fig. 9 ).
Our autoradiographic findings have provided insight into questions regarding the severity of cellular injury required for 99mTc-P concentration. Although autoradiography was performed with 3H-EHDP not complexed with 99mTc, a strong correlation (r > 0.95) was found between tissue levels of 99mTc-P and 3H-EHDP. The autoradiographic findings, therefore, indicate that some uptake of 99mTc-P radiopharmaceuticals occurs in significantly damaged border zone muscle cells (32) in addition to more widespread labeling of frankly necrotic muscle cells throughout the infarct periphery. In addition, intense labeling occurred over individual necrotic cells in border zone regions with generally low levels of radioactivity. These findings demonstrate that the observed lack of correlation between extent of histologically demonstrable necrosis and level of 9911'rc-P uptake in a given infarct sample is due to labeling of severely damaged border zone muscle cells in addition to greater blood flow and delivery of 99mTc-P to partially necrotic regions at the edges of the infarcts (3-12). Our electron microscopic studies showed that the border zone muscle cells with increased radiopharmaceutical uptake exhibit significant damage in the form of abnormal lipid accumulation, focal myofibrillar lysis and mitochondrial alterations, including early calcium deposition. Further studies are needed to determine the ultimate fate of damaged border zone muscle cells with increased 99mTc-P uptake. Nevertheless, the demonstration of early mitochondrial calcification in border zone muscle cells supports the view that injury in at least some of these cells had progressed to an early stage of irreversible damage (26) (27) (28) (33) (34) (35) . It seems unlikely that cellular injury of the type manifested by autoradiographically labeled border zone myocardium occurs in the absence of associated cellular necrosis.
Considerable controversy has arisen regarding mechanisms of tissue concentration of 99mTc-P agents. Although the theoretical basis for the development of "nTc-P scintigraphy of bone and acute myocardial infarcts was adsorption of these agents with calcific deposits (2, 36-39), some workers have suggested that factors other than sorption on calcium deposits are responsible for tissue concentration of these agents (15) (16) (17) (18) (19) . The present and previous (38) analytical chemical studies, however, have demonstrated that selective in vivo concentration of 99mTc-P in altered soft tissues as well as bone is invariably associated with elevated tissue calcium content. These data are consistent with the conclusion that phenomena related to calcium accumulation are primarily responsible for in vivo concentration of 99mTc-P agents.
In the case of acute myocardial infarction, our cell fractionation data are in agreement with previous 734 Buja, Tofe, Kulkarni, Mukherjee, Parkey, Francis studies which showed major localization of 99mTc-P in supernatant and other nonmitochondrial fractions (14) (15) (16) . In the present study, however, electron microscopic examination showed that calcific deposits were not preserved in the mitochondrial fractions from infarcted myocardium. This observation suggests that fractionation of infarcted myocardium results in artifactual lowering of the calcium content of the mitochondrial fractions due to redistribution of calcium into other fractions. Our data as well as that of Dewanjee and Kahn (15, 16) also show that 99mTc-P and calcium share a similar distribution among the various fractions. The artifactually low 99mTc-P and calcium content of the mitochondrial fraction of infarcted myocardium likely results from a combination of solubilization of calcium deposits and rupture of calcified mitochondria during the isolation procedure. This conclusion is supported by the work of Jennings and Ganote who have emphasized that mitochondria from ischemic myocardium are exceedingly fragile (28) .
Although cell fractionation data from infarcted myocardium must be interpreted with caution, the data do suggest that the elevated calcium content of infarcted myocardium is not exclusively localized to mitochondrial calcific deposits. This is consistent with our electron microscopic observations which showed some nonmitochondrial calcium deposition in (3, (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . Damaged border zone myocardium with mildly elevated calcium levels and focal mitochondrial calcification also showed significant 99mTc-P uptake, indicating that massive calcium accumulation is not required for 99mTc-P concentration. These observations may be explained by variability in cellular response during the evolution of ischemic injury. After the onset of membrane damage in areas with significant blood flow, muscle cells become exposed to increased amounts of calcium derived from plasma (26) (27) (28) (33) (34) (35) . This calcium may complex with myofibrils and other organic constituents of the cells (40) . Plasma proteins also accumulate in severely damaged muscle cells (31, 41) , and these proteins also may participate in calcium binding (42) . Formation of ultrastructurally demonstrable mitochondrial calcific deposits apparently occurs only in cells which retain active mitochondrial ftinction during a period of marked calcium influx (26-28, 43, 44) . Our restults showing lack of a linear relationship between 99mTc-P uptake and total tissue calcium concentration are consistent with available data regarding the interaction of 99mTc-P agents with various forms of tissue calcium stores. It is now appreciated that initial stages of calcium accumulation and calcification involve accumulation of calcium from plasma followed by precipitation of calcium phosphate in the form of amorphous (noncrystalline) and relatively soluble deposits with very high surface to volume ratio (24, 25, 45) . Subsequently, nonreversible hydrolysis of amorphous calcium phosphate results in the formation of insoluble, crystalline hydroxyapatite which undergoes progressive crystal growth into spicular deposits and progressive reduction in surface to volume ratio as the crystals enlarge (45) . In biological calcification, the process appears to have an initial intracellular phase involving mitochondria with subsequent extracellular deposition of mineral (43, 45) . In certain forms of pathological calcification, including calcification after acute myocardial ischemic injury, both amorphous (or microcrystalline) and crystalline calcific deposits can be found in mitochondria (26) (27) (28) (29) (30) , in association with calcium complexed to myofibrils and other organic macromolecules in the damaged cells, as described above. Conversion of amorphous calcium phosphate to hydroxyapatite in ischemically damaged tissues may be facilitated by low levels of ATP and magnesium (46, 47) and by a slightly alkaline pH in damaged regions receiving significant blood flow (48, 49) . Pathological calcification also can result in deposition of unusual species of calcific material (50) . Thus, calcification represents a dynamic process such that total calcium concentration reflects the sum total of constantly changing populations of calcium complexed with organic macromolecules, amorphous calcium phosphate deposits, and crystalline calcific material in different stages of growth.
Several studies have shown that the degree of phosphate and diphosphonate uptake for a given amount of calcific material is not constant but varies directly with the surface to volume ratio which in turn is dependent upon the stage of crystal growth (38, 39, 45) . Thus, calcific deposits in initial stages of formation have higher surface to volume ratio and higher sorption affinity for phosphate and diphosphonates than do fully mature hydroxyapatite crystals (38, 39, 45) . This is consistent with autoradiographic studies which have shown that radiopharmaceutical distribution in normal bone does not occur randomly but is selectively localized to regions of active calcification along the edges of bony trabeculae (39) . Vascularity and local blood flow also influence the degree of 99mTc-P uptake (4, 7-12, 38, 39, 51) . Thus, the lack of' a linear relationship between 99mTc-P and calcium levels appears to result mainly from local differences in blood flow as well as from the composition and physiochemical properties of tissue calcium stores.
It is also important to point out that any investigation of the relationship between 99mTc-P uptake and calcification must take into account differences in solubility of various calcium species. Amorphous calcium phosphate, the initial stage of tissue calcification, is much more soluble than crystalline hydroxyapatite (45) and may not be preserved in routinely prepared tissue sections (52, 53) . In addition, radiographic visualization of calcification appears limited to foci of massive calcification containing abundant crystalline hydroxyapatite (38) . Therefore, failure to detect calcification by routine histochemical or radiographic methods does not necessarily mean that 99mTc-P concentration in a given soft tissue lesion occurs in the absence of elevated tissue calcium content (19, 37, 54) .
Other theories regarding 99mTc-P uptake have proposed that high affinity binding of 99mTc-P occurs on various organic substances, including organic matrix of bone (18) , tissue phosphatases (19) and various proteins of damaged tissues (15, 16) . Dewanjee and Kahn have proposed that concentration of 99"Tc-P in acute myocardial infarcts results primarily from polynuclear complexing with denatured proteins and other macromolecules (15, 16) . This thesis was based on data suggesting that complexing of pyrophosphate with 99mTc imparts an affinity for protein binding and results in higher infarct to normal ratios for 99mTc-P than for free pyrophosphate (15, 16) . In the present study, however, absolute levels of 99mTc-PYP, 99mTc-EHDP and 3H-EHDP in infarcted myocardium were found to be equivalent. In addition, Coleman et al. reported Concentration of Technetium-99m Phosphorus Agentssimilar absolute concentration of 32P-pyrophosphate and 99mTc-PYP in infarcted myocardium (14) .
The present and previous studies have shown that a significant fraction of circulating 99mTc-P is complexed to serum proteins (15, 16, 36, 55) and that serum proteins do deposit in damaged myocardium after development of defects in membrane integrity (3, 31, 41) . Nevertheless, the present study has shown that: (a) intravenously injected 1311-HSA exhibits a significantly lower uptake rate and level of concentration in infarcted myocardium and bone compared to 99mTc-P; (b) complexing of 99mTc-P with serum proteins results in only minimal reduction in the affinity of serum 99mTc-P activity for complexing with hydroxyapatite or freshly prepared amorphous calcium phosphate during the 1st h after injection of 99mTc-P; and (c) significant reduction in calcium complexing affinity of 99mTc-P only occurs with circulation times of over 1 h when a large proportion of injected 99mTc-P has cleared the circulation (55) , suggesting that only a small fraction of injected 99mTc-P has impaired calcium complexing affinity and delayed clearance from the circulation as a result of relatively tight binding to serum proteins. Since hydroxyapatite has a known affinity for protein binding (56, 57) , some of the complexing of serum 99mTc-P with calcium may be mediated by adsorption of calcium with the protein moiety of protein-bound 99mTc-P; however, the data suggest that serum protein and 99mTc-P mainly undergo relatively loose coupling and that complexing of 99mTc-P with serum proteins primarily serves a carrier function.
The data reviewed above indicate that complexing of circulating 99mTc-P to serum proteins (and, probably, serum calcium) plays an insignificant role in subsequent tissue concentration of these agents. The available data, however, do suggest the possibility that uptake of 99mnTc-P in damaged soft tissues may be partially mediated by complexing with denatured native proteins and other organic macromolecules as well as with serum proteins previously deposited in the damaged tissue. Dewanjee and Kahn have suggested that organic macromolecular complexing of 99mTc-P may be enhanced by an increased affinity of tissue macromolecules for 99mTc-P binding induced by changes in tertiary structure after tissue injury (15, 16) . The data of Schelbert and associates (17) also can be interprete'd as supporting the organic macromolecular complexing theory. Utilizing an in vitro fetal mouse heart organ culture system, these workers showed that 99mTc-PYP concentrated to a modest degree (2.8 times normal) in myocardium irreversibly injured by a combination of anoxia, substrate deprivation, and hyperthermia and that this modest uptake was not diminished when irreversible injury was produced in hearts cultivated in calcium-free medium (17) . These observations, however, do not exclude the possibility that native stores of tissue calcium played a role in the uptake of 99mTc-PYP by fetal mouse myocardium.
Complexing of 99mTc with tissue components has been suggested as a major factor in the concentration of other 99mTc chelates as well as 99mTc-P agents in infarcted myocardium, possibly due to transchelation of the 99mTc from the radiopharmaceuticals to damaged tissue constituents (58) . In the case of 203Hg-organomercurials, the degree of concentration in damaged myocardium appears influenced both by the presence of mercury and by the nature of the organic molecule (59, 60 (15, 16) . Further study appears warranted to elucidate the relationship between relative calcium complexing affinity of various radiopharmaceuticals and relative levels of concentration of these agents in damaged myocardium.
